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We have isolated bovine and rodent cDNA and genomic clones encoding the kidney-specific Tamm-Horsfall 
protein (THP). In both species the gene contains 11 exons, the first of which is noncoding. Exon/intron junc
tions were analyzed and all were shown to follow the AG/GT rule. A kidney-specific DNase I hypersensitive 
site was mapped onto a rodent genomic fragment for which the sequence is highly conserved in three species 
(rat, cow, and human) over a stretch of 350 base pairs. Primer extension and RNase protection analysis iden
tified a transcription start site at the 3' end of this conserved region. A TATA box is located at 32 nucleotides 
upstream of the start site in the bovine gene and 34 nucleotides upstream in the rodent gene. An inverted 
CCAAT motif occurs at 65 and 66 nucleotides upstream of the start site in the bovine and rodent genes, 
respectively. Other highly conserved regions were noted in this 350 bp region and these are likely to be 
binding sites for transcription factors. A functional assay based on an in vitro transcription system confirmed 
that the conserved region is an RNA Pol II promoter. The in vitro system accurately initiated transcription 
from the in vivo start site and was highly sensitive to inhibition by a-amanitin at a concentration of 2.5 
|xg/ml. These studies set the stage for the further definition of cw-acting sequences and frYms-factors regulat
ing expression of the THP gene, a model for kidney-specific gene expression.

TAMM-HORSFALL protein (THP) is a glycopro
tein with a molecular weight of 80 kDa, initially 
characterized by Tamm and Horsfall (1950) and 
subsequently purified from the urine of pregnant 
women by Muchmore and Decker (1985) as uro- 
modulin. Pennica et al. (1987) showed that the two 
proteins were identical. THP is the most abundant 
protein in urine and is present in the kidneys of all 
placental mammals (Fletcher, 1972). Because one of 
our long-term research goals is to understand how 
gene expression is regulated in the kidney, we have 
chosen to use the THP gene as a model system for 
the following reasons. (1) The expression of THP is 
limited to the kidney in a nephron segment specific 
distribution. It is therefore a good example of a kid
ney-specific gene. Within the kidney, it is expressed 
only in the thick ascending limb of Henle’s loop and

in the distal convoluted tubule (Schenk et al., 1971). 
THP is produced in all mammalian species with a 
similar nephron-specific localization. The gene is 
therefore likely to have conserved cis regulatory se
quences, and comparison of homologous regions 
from different species could implicate motifs that 
might bind tissue-specific transcription factors. (2) 
THP mRNA is present in high amounts (0.5-1% of 
message). The abundance of this message should 
greatly facilitate studies of gene regulatory sequences.

As a first step toward elucidation of the mecha
nisms that regulate kidney-specific gene expression, 
we have isolated and characterized the bovine and 
rodent THP genes. These animal homologues of the 
human THP gene are desirable due to the availabil
ity of kidney tissue that is required for chromatin 
structural studies and for making nuclear extracts
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(see below). In this article we describe the cloning 
of cDNAs containing the entire coding region and 
most of the noncoding region for bovine and rodent 
THP. The entire sequence of the cDNAs and the in- 
tron/exon structure of the two genes are also pre
sented. We have identified a DNase I hypersensitive 
site in a highly conserved region that is also the 
promoter of this gene, as demonstrated by RNA 
mapping analysis and through an in vitro functional 
assay.

MATERIALS AND METHODS

Cloning, Restriction, and Sequence Analysis

cDNA libraries were in lambda gtlO. The rodent 
library was a kind gift of Dr. G. Bell (University of 
Chicago). Standard procedures were used for clon
ing, restriction, and sequence analysis (Sambrook, 
1989). Genomic libraries were in the lambda DASH 
II vector (Stratagene). cDNA and genomic inserts 
were cloned into pUC19 and pBluescript II SK, re
spectively.

RNA Isolation and Northern Analysis

RNA was isolated by the Chomczynski protocol 
(Chomczynski and Sacchi, 1987). Northern blotting 
and hybridization were as described (Current Proto
cols, 1991). Inserts from cDNA plasmids pBTHPl 
and pRTHPl were labeled by random priming (Fein- 
berg and Vogelstein, 1983).

DNA Sequencing

The cDNA phage insert was subcloned in pUC19 
and DNA sequencing was carried out using the 
chain-termination method with Sequenase (United 
States Biochemical).

DNase I  Hypersensitive Site Analysis

Nuclei were isolated from 5 g of kidney and liver 
by mincing tissue in 25 ml of 0.25 M sucrose, 10 
mM Tris HC1 (pH 7.5), 5 mM NaCl, 3 mM MgCl2, 
0.5% NP-40. Tissue was homogenized in a Potter- 
Elvejem homogenizer and the nuclei were isolated 
by centrifugation. They were washed three times 
with the same buffer without NP-40 and resus
pended at a DNA concentration of 1 mg/ml. DNase 
I was added to aliquots of the nuclei at 0, 1, 2, 5, 
and 10 |xg/ml final concentration and incubation was 
carried out for 2 min at 25°C. One volume of stop 
solution (12.5 mM EDTA, 0.5% SDS, 500 |xg/ml 
proteinase K) was added and incubation was carried

out for 30 min at 37°C. Phenol-chloroform extrac
tions were performed twice and a chloroform extrac
tion was carried out before the DNA was precipitated 
with EtOH. The DNA was resuspended in TE and 
digested with Hind III, electrophoresed, and blotted 
onto nylon membranes. Prehybridization and hybrid
ization was in 6 X SSC, 0.5% SDS, 100 |xg/ml 
salmon sperm DNA, 5 x Denhardt’s reagent (Cur
rent Protocols, 1991), and 50% formamide. A ran
dom printed,32P-labeled 300 bp intron 1 probe that 
was generated by PCR (diagrammed in Fig. 3) was 
used.

RNA Mapping Analysis

RNase protection assays were according to the 
method of M. Gilman (Gilman in Current Protocols, 
1991). Total RNA (10 |xg) was used for all reac
tions. For bovine THP, an EcoRI-Pst I 800 bp ge
nomic fragment that contains the first exon was 
subcloned into pBluescript II SK+. The plasmid 
was digested with Ssp I and the 220 bp fragment 
was transcribed by T3 RNA polymerase to give an 
antisense riboprobe. For rat THP, a PCR fragment 
from the rat conserved region —350 to +35 was 
cloned into the Smal site of pBluescript II SK. The 
plasmid was cut with Xhol and transcribed with T3 
RNA polymerase to give an antisense riboprobe; 5 
x 105 cpm were used for the hybridization.

Primer extension analysis was carried out as de
scribed by R. Kingston (Current Protocols, 1991) 
with specific exon 2 oligos BTHP4 and BTHP7 for 
bovine samples and RTHPRE36 and RTH5 for rat 
samples. mRNA was prepared by using oligo-dT 
columns (Boehringer Mannheim). Fewer nonspecific 
extensions resulted when 2 jxg mRNA rather than 
10 |xg total RNA was used.

In Vivo Transcription

Extracts for in vitro transcription were made by 
the method of Gorski (1986) with the following 
modifications for kidney extracts: homogenization 
buffer 1 was supplemented with 1% nonfat milk, 5 
fig/ml bestatin, 0.1 fxg/ml leupeptin, 0.1 |xg/ml 
pepstatin, 1 mM NaM04 (we found that inclusion 
of this phosphatase inhibitor was critical to the suc
cess of the procedure); homogenization buffer 2 
contained the same supplement. Nuclear lysis buffer 
and nuclear dialysis buffer contained the same sup
plement but without the nonfat milk. Moreover, 
prior to homogenization, the kidneys were passed 
through a garlic press (Crate and Barrel worked 
best!).

The transcription reactions were essentially as
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FIG. 1. (A) Northern blot of total cortical (C), medullary (M), and papillary (P) bovine RNA 
probed with the insert of pRTHPl. (B) Northern blot of total kidney (K) and liver (L) rat 
RNA probed with the same insert. Markers refer to 28S and 18S ribosomal sizes (« 5  kb and 
«*2 kb, respectively).

described (Gorski et al., 1986). Template DNAs 
were prepared by a triple-spin CsCl2 procedure and 
used at final concentrations of 50 |xg/ml; 60 |xgl of 
protein was used per assay and a-amanitin was at 
2.5 jig/ml.

RESULTS

Rodent and Bovine THP cDNA Homologues

A 550 bp BamHl-Hind III fragment from the 
human cDNA clone UM19 was used to screen ro
dent and bovine kidney cDNA libraries (Hession et 
al., 1987). Approximately 0.5% of plaques were 
positive in each library. The longest bovine clone, 
designated pBTHPl, had an insert of 2.5 kb whereas 
the longest rodent clone, pRTHPl, contained a 2.2 
kb fragment. The inserts were used as probes for 
Northern analysis. As seen in Fig. 1A, the bovine 
probe hybridized strongly to a 2.6 kb transcript in 
outer medulla but weakly to cortex or papilla. The 
rodent probe hybridized to kidney but not liver (Fig. 
IB).

pBTHPl and pRTHPl were fully sequenced

(Fig. 2). pBTHPl contains 1929 bp in its longest 
open reading frame and pRTHPl contains 1932 bp 
leading to a predicted molecular weight of THP of 
^  68 kDa (taking into account the 24 amino acidle- 
ader sequence cleaved from the precursor protein). 
Given the measured M.W. of «  90 kDa, the carbo
hydrate moiety accounts for about 25% of the total. 
At the nucleotide level the bovine sequence shows 
72.5% and 80.0% homology to the rodent and hu
man sequences, respectively. Pennica et al. (1987) 
noted an unusually high number of CpG dinucle
otides in the human third exon. This is also seen in 
the bovine third exon (63 CpGs). However, only 29 
CpGs were noted in the rodent third exon, still a 
number greater than the predicted number due to 
CpG suppression, which is 18. The significance of 
this CpG cluster is not known.

Genomic Clones Spanning the Entire Rodent and 
Bovine THP Genes

Rat genomic clones were isolated by screening 
approximately 2 X 106 recombinant phage from a 
rodent genomic library (Stratagene) using the pRTHPl 
cDNA insert as a probe. This screening yielded 16
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l 2 -.

70 80 90 100 110 120 
TTCCTTGCCTTTGGGAAAGTCTTCCCAGACCAGAAGAAGCTGTGAGGAGCAGAAAGGATG

Mat

130 140 ISO 160 170 180 
AAGTGTCTTTTCTCTCCGAACTTCATGTGGATGGCAGCGGTGGTGACCTCTTGGGTCATC 
LyaCyaLauPhaSarProAanPhallatTrpMat A1 aAl aVal Val ThrSarTrpVal II*

190 200 210 220 230 240 
ATACCTGCAGCAACTGACACCTCATCAGCAAAAAGCTGCTCTGAATGTCACAGCAATGCC 
11*ProAlaAlaThrAspThrS*rS*rA1aLyaSarCyaSarG1uCyaHi aSarAanAla

2SO 260 270 280 290 300 
ACTT6TACGGTGGAC66GGCTGCCACGACCTGCGCCTGCCA6GAGGGCTTCACTGGCGAC 
ThrCyaThrValAspGlyAlaAlaThrThrCyaAlaCysGlnGluGlyPh*ThrGlyAap

310 320 330 340 350 360 
GGCCTCGAGTGTGTGGATCTGGACGAATGCGCCGTTCTGGGGGCGCACAACTGCTCCGCC 
61yL*u61uCyaValAapLauAapGluCysAlaValL*uGlyAlaHi aAanCyaSarA1a

370 380 390 400 410 420 
ACCAAGAGCTGC6TGAAT ACGCTGGGCTCTTACACGTGCGTCTGCCCTGAAGGTTTTCTC 
ThrLyaSarCyaVal A»r»ThrL*uGl ySarTyrThrCyaVal CyaProGl uGl yPh*L*u

430 440 4S0 460 470 480 
CTGAGCTCGGAGCTCGGCTGCGAGGATGTGGACGAGTGTGCAGAGCCAGGGCTCAGCCGC 
LauS*rS*rGluL*uGlyCyaGluAapValAapGluCyaAlaGluProGlyL*uS*rArg

490 500 510 520 530 540 
TGCCACGCCCTGGCCACTTGCATCAATGGCGAGGGCAACTACTCGTGCGTGTGTCCTGCG 
CysHi sAlaL*uAlaThrCys!1*Asn61yGluGlyAanTyrSarCyaValCysProAla

560 370 580 390 600

G1yTyrLauGlyAspGlyArgHi sCysGluCysS*rProGlySarCyaGlyProGlyL*u

610 620 630 640 650 660
GACTGCGT6CGGGAGGGCGACGCGCTCGTGTGCGTGGACCCGTGCCAGGTGCACCGCATC 
AapCyaValArgGluGlyAspAlaLauValCyaValAspProCysGlnValHisArgI1a

LauAspGluTyrTrpArgS*rThrGluTyrGly8*rGlyTypI1eCyaAapValS*rL*u

730 740 730 760 770 780
GGCGGCTGGTACCGCTTCGTGGGCCAGGCCGGCGTGCGCCTGCCCGAGACCTGCGTGCCC 
61yGlyTrpTyrArgPhaValG1yGlnAlaGlyValArgL*uProGluThrCyaValPro

790 800 810 820 830 840
GTCCTGCACTGCAACACGGCCGCGCCTATGTGGCTCAAC6GCACGCATCCATCGAGCGAC 
ValL*uHisCysAsnThrA1aAlaPr oMat Tr pL*uAsnG1yThrHi sPro8*rS*rAsp

850 860 870 880 890 900
GAGG6CATCGTGAACCGCGT6GCCT8T6CACACTG6AGCGGTGACT8CTGCCT6TGGGAC 
G1uGly11aValAsnArgValA1aCysAlaHisTrpS*rGl yAapCyaCyaLauTrpAap

910 920 930 940 930 960
GCGCCCATCCAAGTGAAGGCCTGTGCCGGGGGCTACTACGTGTACAACCTGACGGCGCCC 
A1aProI1*G1nValLysAlaCysAlaGlyGlyTyrTyrValTyrAsnL*uThrA1aPro

970 980 ^ 0  1000 1010 1020
CCTGAGTGCCATCTGGCTTACTGCACAGACCCCAGCTCTGTGGAGGGGACGTGTGAGGAG 
ProGluCysHls l *u A 1aTyrCyaThrAapProSarSarVal61uGlyThrCysGluGlu

1030 1040 1030 1060 1070 1080
TGCCGTGTGGATGAGGACTGCAAATCGGATAATGGTGAATGGCACTGCCAGTGCAAACAG
CysArgValAspGluAspCysLysS*r AspAsnG1yGluTrpHi sCysGlnCysLysGln 

1090 ll 100 1110 1120 1130 1140
GACTTCAACGTCACCGATCTCTCCCTCCTGGAGCGCAGGCTGGAATGTGGGGTTGATGAC
AapPhaAanValThrAspL*uS*rL*uL«uGluArgArgLauGluCysGlyValAspAsp

1130 1160 1170 1180 1190 1200
ATTAAGTTGTCCCTGAGCAAGTGCCAGCTGAAGAGTCTGGGCTTTGAGAAGGTCTTCATG 
I1*LysL*u8*rL*u8*rLysCysGlnL*uLya8*rL*uGl-yPh*GluLysValPh*M*t

1210 1220 1230 1240 1230 1260 
TACCTGCATGACAGCCAGTGCTCAGGCTTCACTGAGAGGGGCGACCGGGACTGGATGTCT 
TyrL*uHisAspS*rGlnCysS*rGlyPh*ThrGluArgGlyAspArgAspTrpM*tS*r

1270 1280 1290 1300 ,J,1310 1320 
GTGGTGACCCCAGCCAGGGATGGCCCCTGTGGGACAGTGATGACGAGGAATGAGACCCAC 
ValValThrProAlaArgAspGlyProCysGlyThrValM*tThrArgAsnGluThrHi s

1330 1340 1330 1360 1370 1380 
GCCACATACAGCAACACTCTCTACCTGGCAGATGAGATCATCATCCGTGACCTCAACATC 
A1aThrTyrSarAanThrLauTyrLauAlaAapGl ul 1 al 1 all aArgAapLauAart II*

1390 1400 1410 1420 1430 1440
AGAATCAACTTTGCGTGCTCCTATCCCCTGGACATGAAAGTCAGCCTGAAGACCTCCCTG
Arg 11 *AsnPh*Al aCyaSarTyrProLauAapMatLyaVal S*rL*uLysThr S*r L*u

1450 J,^1460 1470 1480 1490 1300 
CAGCCAATGGTCAGTGCCCTCAACATCAGCATGGGCGGGACCGGCACATTCACCGTGCGA 
G1 nProMatValSarAl aLauAan 11 *S*rfi*tGl yGl yThrGl yThrPhaThrVal Arg

1310 1520 1530 1340 1550 1560 
ATGGCACTCTTCCAGAGCCCTGCCTACACACAGCCCTACCAAGGCTCCTCTGTGACCCTG 
Mat AlaL*uPh*GlnS*rProAlaTyrThrGlnProTyrGl nGlyS*rS*rValThr L*u

1570 1580 1590 1600 1610 1620 
TCCACAGAAGCGTTTCTCTACGTCGGCACCATGCTGGATGGGGGTGACTTGTCCCGGTTT 
S*rThrGluAlaPh*L*uTyrVal31 yThrMatLauAapGlyGlyAspL*uS*r ArgPh*

1630 1640 1630 1660 1670 1680 
GTACTGCTCATGACCAACTGCTATGCCACACCCAGCAGCAATGCCACAGACCCCTTGAAA 
Val L*uL*uli*tThr AsnCysTyr A1 aThrProS*rS*r AsnAl aThr AspPr oLauLya

1690 170<J® 1710 1720 1730 1740 
TACTTCATCATCCAGGACAGATGTCCACGTGCTGCGGACTCAACCATCCAAGTGGAG6AG 
TyrPhal1*11aGlnAspArgCysProArgAlaAlaAspSarThr11aGlnValG1 uGl u

1730 1760 1770 1780 1790 1800 
AATGGGGAGTCCCCTCAGGGCCGGTTTTCTGTCCAGATGTTCCGTTTTGCTGGAAACTAC 
AsnGlyGluSarProGlnGlyArgPhaSarValG1nMatPhaArgPhaAlaGlyAsnTyr

1810 1820 1830 1840 1850 1860 
GACCTGGTGTACCTGCATTGTGAAGTGTATCTCTGTGACACCGTGAATGAAAAGTGCAGA 
AspLeuValTyrLauHi sCysGluValTyrLauCysAspThrValAsnGluLysCysAr g

i9 1870 1880 1890 1900 1910 1920 
CCTACCTGCCCTGAGACCAGATTCCGCAGTGGGAGCATCATAGACCAAACCCGTGTCCTG 
ProThrCysProGl uThr ArgPhaArgSarGl ySar H a l l  aAspGl nThr ArgVal Lau

1930 1940 l1P, 30 1960 1970 1980 
AACTTGGGTCCCATCACACGGAAGGGGGGCCAGGCTGCAATGTCAAGGGCTGCTCCCAGT 
AsnLauGlyProl1aThrArgLysGlyGlyGlnAlaAl aMatSarArgAlaAlaProSar

i V o  2000 2010 2020 2030 2040 
AGCTTGGGGCTTCTGCAGGTCTGGCTGCCTCTGCTTCTGTCGGCCACTTTGACCCTGATG 
SarLauGlyLauLauGlnValTroLauProLauLauLauSarA1aThrLauThrLauMat

2050 2060 2070 2080 2090 2100 
TCTCCGTGACTGTGQCCGGAAATCCTGTACTCTGTGGCTACCAAACTCACTTTCTACTGA 
SarPro

2110 2120 2130 2140 2130 2160 
CTGCGAGGCCATGCAGGCT AGCACTCCACCCAT AGAGAAAGGAGCCCACACTTCAGTCAC

2170 2180 2190 2200 2210 2220
TCTGCTCCTATTTTTCTCCCCTTTAATCCTTGTTACCAAAAAAATAGCCTGTGTCTTTAA

2230 2240 2230 2260 2270 2280
ATGCTGCTTTCTCTCAAAATGGGTCTTGTGAT ATGTCTGTTCATGAGGCCCCT ATCTCCT

FIG. 2. (A) Complete sequence of the insert of pBTHPl. Exon boundaries have been denoted.

positive clones. The clones were further character
ized and subgrouped by plaque hybridization with 
17-mer oligos corresponding to selected exon se
quences. Three clones were found to overlap and 
contained all 11 exons. Restriction blot analysis of 
these clones showed that the gene spans approxi
mately 16 kb (Fig. 3B). The pBTHP cDNA insert 
was similarly used to screen 1 x 106 phage of a 
bovine genomic library (Stratagene). Out of eight 
positive clones, three were chosen for further struc
tural analysis by restriction blot hybridization with 
four fragments of pBTHP 1 (Fig. 3A).

The bovine gene spans 25 kb. Exon/intron junc

tions were assigned to both genes by sequence anal
ysis using the junctions reported by Pennica et al. 
as a guide. All 10 exon/intron junction sequences 
follow the AG/GT rule (Breatnach and Chambon, 
1981). The junctions show complete homology to 
the human sequences. Both the rat and bovine THP 
genes consist of 11 exons, the first of which is non
coding.

A Kidney-Specific DNase I  Hypersensitive Site at 
the THP Gene Promoter

Because promoters are frequently associated with 
DNase I hypersensitive sites (Gross and Garrard,
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B 2  10 20 30 40 50 60
GGCAGAGCACAAAGGATGGGGCAGCTGCTCTCTTTGACCTGGCTGCTGCTGGTTATGGTG 

M»tGlyGlnL*uL»uS«rL»uThrTrpL«uL*uL*uV«lM»tV«l

70 80 90 100 lJp^ 120
GTAACTCCCTGGTTCAC7GTAGC73GAGCCAATGACTCACCAGAAGCAAGAAGGTGTTCT 
V«1ThrProTrpPh»ThrValA1«G1 yAl«AsnAspS«rProGluAl«ArgArgCysS«r

130 140 150 160 170 180
GAATGCCACGACAATGCCACCTG73TGTTGGATGGGGTGGTCACCACATGCTCCTGCCAG 
G1uCysHisAspAsnAlaThrCysValLvuAtpGlyValVal ThrThrCysSvrCysGln

190 200 210 220 230 240
GCAG6CTTCAC7GGAGATGGGCTG3TGTGTGAGGACATAGATGAGTGTGCCACCCCGTGG 
A1aGlyPhaThrGlyAspGlyLauValCysGluAsp11aAapGluCysAlaThrProTrp

250 260 270 280 290 300
ACTCACAACTGC7CCAACAGCATC7GCATGAACACACTGGGCTCCTACGAGTGC7CCTGT 
ThrHi•A«nCy»5*rA*nS*rI1»Cy»M*tAanThrLauGlyS*rTyrGluCyaSarCya

310 320 330 340 350 360
CAGGATGGCTT7CGTCTGACGCC73GGCTGGGCTGCATTGATGTGAATGAGTGCACAGA6 
G1nAspGlyPhaArgLauThrPrcGlyLauGlyCys11aAspValAsnGluCyaThrGlu

370 380 390 400 410 420
CAG6GGCTCAGTAACTGTCA7TCCCTGGCTACCTGTGTCAACACGGAAGGCAGCTACTCA 
G1nGlyLauSarAsnCyaHi aSarLauAlaThrCysValAanThrGluGlySarTyrSar

430 440 450 460 470 480
TGCGT3TGTCCCAAGGGCTATAGAGGGGATGGTTGGTACTGTGAGTGCTCCCCTGGCTTC 
CyaValCyaProLyaGly7yrArgGl yAapGlyTrpTyrCymGluCyaSarProGlyPha

490 500 510 520 530 540
TGTGAGCCAGGGCTGGACTGCTT3CCTCAGGGTCCCAGTGGAAAGCTGGTGTGCCAAGAC 
CyaGluProGlyLauAapCyaLauProGlnGlyProSarGlyLyaLauValCyaGlnAmp

550 560 570 580 590 600
CCCT3CAATGTC7ATGAAACCC72AC7GAGTACTGGCGCAGCACAGACTATGG7GCCGGC 
ProCyaAanValTyrGluThrLauThrGluTyrTrpArgSarThrAapTyrGlyAlaGly

610 620 630 640 650 660
7ACTCCTGTGAC7CAGA7ATGCAC3GCTGGTACCGGTTCACAGGCCAGGGTGGCGTTCGC 
TyrSarCyaAaeSarAap^etHi*31 yTrpTyr ArgPheThrGl yGl nGl yGl yValArg

670 680 690 700 710 720
ATGGCT3AGACCTGTGTGCCCGTACTGAGGTGCAACACGGCTGCACCCATGTGGCTCAAT 
MatA1*G1uThrCyaValProValLauArgCyaAanThrA1aAlaProMatTrpLauAan

730 740 750 760 770 780
GGCTCGCATCCTTCGAGCAGAGAG3GCATTGTGAGCCGCACAGCCTGCGCACACTGGAGC 
G1ySarHi mProSarSarArgGluGl y11aValSarArgThrA1aCysAlaHi aTrpSar

790 800 810 820 830 840
GACCACTGCTGCCTGTGGTCCACAGAGATCCAGGTGAAGGCCTGCCCTGGTGGCTTCTAT 
AspHi aCyaCyaLauTrpSarThrGlu11aGlnValLysAlaCysProGlyGlyPhaTyr

850 860 870 880 8 9 ^  900
GTTTACAACTTGACAGAGCCCCC’GAGTGCAATCTGGCTTACTGCACCGATCCTAGCTCC 
ValTyrAanLauThrGluProPrcGluCyaAanLauAlaTyrCyaThrAapProSarSar

910 920 930 940 950 960
GTGGAGGGGACT7GCGAAGAATGC3GGGTAGATGAAGACTGCGTATCTGATAACGGCAGA 
ValG1uGlyThrCyaGluGluCy*Gl yValAapGluAspCysValS*rAspAsnGlyArg

9 7 0  980  9 9 0  lt>00 1010 1020
TGGCGCTGCCAGTGTAAACAGGAC77CAACGTTACA<3ATGTCTCCCTCCTGGAGCACAGG 
TrpArgCymGlnCyaLyaGlnAacPhaAanValThrAspValSarLauLauGluHi sArg

1030 1040 1050 1060 1070 1080
CTGGAGTGTGAGGCCAATGAAATCAAGATATCCCTCAGCAAGTGCCAGCTACAGAGTTTG 
LauGluCyaGluAlaAanGlu11aLyal 1 aSarLauSarLyaCyaGlnLauGlnSarL*u

1090 1100 1110 1120 1130 1140
GGCTTT ATGAAGGTCTTCATGT ACCTGAATGACAGACAGTGCTCAGGCTTCAGTGAGAGG 
GlyPhaMatLyaValPhaMatTyrLauAanAspArgGlnCyaSarGlyPhaSarGluArg

1150 1160 1170 1180 1190 1200
GGTGAACGAGACTGGATGTCCATAGTGACTCCTGCCAGGGATGGTCCCTGTGGGACAGTA
G1yGluArgA*pTrpM«tS*rI1aValThrProAlaArgAapGlyPro€y»GlyThrVal

^ 2 1 0  1220 1230 1240 1250 1260 
TTGAGGAGAAATGAAACCCACGCCACCTACAGCAACACCCTCTACCTGGCAAG7GAGATC 
LauArgArgAanGluThrHiaAlaThrTyrSarAmnThrLauTyrLauAlaSarGl ull*

1270 1280 1290 1300 1310 1320
ATCATCAGGGATATCAACATCAGAATCAACTTTGAATGCTCTTACCCTCTGGACATGAAA 
IlelleArgAsp11eAsn11#Arg11 eAanPheGluCyeSer TyrProLeuAapMetLya

1330 1340 1350 J.1360 1370 1380 
GTCAGTCTGAAGACCTCCCTACAGCCTATGGTTAGTGCCTTGAACATCAGCTTGGGTGGG 
ValSerLeuLyeThrSerLeuGlnProMetValSerA1 aLeuAsn11eSerLeuGl yGl y

1390 1400 1410 1420 1430 1440 
ACAGGCAAGTTCACTGTGCAGATGGCACTGTTCC AGAACCCT ACCT ACACAC AGCCCT AC 
Thr Gl yLyePheThrVai 61 nflet A1 aLeuPheGl nAenProThr Tyr ThrGl nPr oT yr

1450 1460 1470 1480 1490 1500 
CAAGGTCCTTCTGTGATGCTC7CCACTGAGGCTTTTCTGTATGTGGGCACCAT3CTGGAT 
61 nGl yProSerVal MetLeuSer ThrGl uAl aPheLeuTyrVal Gl yThrfletLeuAep

1510 1520 1530 1540 1550 1560 
GGGGGTGACTTGTCCCGGTTTGTACTGCTAATGACCAACTGCTATGCCACACCCAGTAGC 
GlyGlyAspLeuSerArgPheValLeuLeuMetThrAanCyaTyrA1aThrProSer Ser

1570 1580 1590 1600 J ®  1610 1620 
AACTCCACGGACCCTGT AAAAT ACTTCATTATCCAGGACAGATGTCCACAT ACAGAA6AT 
AenSerThrAspProValLyaTyrPhel 1 el 1 eGl nAepArgCyeProHi eThrGl uAmp

1630 1640 1650 1660 1670 1680 
ACAACCATTCAGGTGACAGAGAATGGCGAGTCCTCTCAGGCCCGGTTCTCTATTCAGATG 
Thr Thr I leGlnVal ThrGl uA*nGl yGluSerSerGlnAl aArgPheSer 11 eGl nflet

1690 1700 1710 1720 1730 1740 
TTCCGGTTT6CAGGAAACTCCGACCTTGTCTACCTTCACTGCGAGGT6TACCTGTGTGAC 
PheArgPheAl aGl yAenSer AspLeuVal T yrLeuHi sCyeGl uVal T yrLeuCysAep

&ACT ATGAGTGAGCAGTGT AAACCT ACCTGTTCTGGT ACT AGATATCGAAGTGGGAACTTC
ThrMetSerGluGlnCy»Ly»ProThrCysSerGlyThrArgTyrArgSerGlyAenPhe

L101810 1820 1830 1840 J^850 1860
ATAGATCAGACCCGTGTCCTGAACTTGGGTCCCATCACACGACAAGGTGTCCAGGCCTCA
11eAspGlnThrArgValLeuAsnLeuGlyProI1eThrArgGlnGlyValGlnAl aSer

1870 1880 l4?0* 1900 1910 1920
GTGTCCAAGGCTGCTTCCAGCAACTTGGGGTTCCTGAGCATCTGGCTGCTGCTGTTTCTC
ValSerLyeAlaAlaSerSerAanLeuGlyPheLeuSerI1eTrpLeuLeuLeuPheLeu

1930 1940 1950

SerA1aThrLeuThrLeuMetValHis

1990 2000 2010 2020 2030 2040
GTTCACTTCCTGCTGGCCAGGAGTGGGGATGCAGGCTGGTAAGCAGCCAGGAGAGAGGGA

2050 2060 2070 2080 2090 2100
GCTCACACTGCCTCCAGCTTGCACTT ACCCTTTTCCTTT AACCCTC ACC ATC AAAACCGA

2110 2120 2130 2140 2150 2160
GTTGATATCTTTCAATGCTGCTGATTCTTCAACTGGAACTTGTAATGTGTCTGTACATGA

2170 2180 2190 2200 2210
AGCCCCTGTCTCTTTAAGGAATGTATCAAAATAATAAGTTTAAAACAATCC

FIG. 2. (B) Complete sequence of the insert of pRTHPl.

1988), we searched for such sites in genomic frag
ments that were just upstream of the rodent cDNA 
5' end. Rat kidney nuclei were subjected to limited 
amounts of DNase I, then restricted for genomic 
Southern analysis. A genomic probe of 300 bp (de
rived by PCR) located in intron 2 was used (denot
ed in Fig. 3B as “ P” ). The expected 3 kb Hind Ill- 
Hind III fragment is reduced to 1.7 kb in a fraction 
of the nuclei (Fig. 4). This heterogeneity was antic
ipated because only about 10% of the cells in a 
whole kidney (those in the thick ascending limb and 
early distal nephron) are thought to express the THP 
gene. Importantly, the hypersensitive site is absent

from rat liver nuclei subjected to the same manipu
lations and also from DNA isolated from a rat kid
ney directly (without an intermediate nuclear 
fractionation and DNase I digestion step). We se
quenced the locus of the hypersensitive site and 
found striking homology between the rat sequence 
and sequence obtained from a region of a human 
genomic clone just upstream of the alternatively 
spliced exon “ a” reported by Pennica et al. A rat 
probe spanning the hypersensitive site (derived through 
PCR) was then used to locate the homologous re
gion in the bovine genomic clones. This sequence 
comparison is presented in Fig. 5. The conserved
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FIG. 3. Genomic organization of the bovine (A) and rat (B) THP gene. Boxes 
represent exons and have been numbered. The locus of the hypersensitive site 
in the rat clone has been marked as HS. Restriction sites are abbreviated: K, 
Kpnl; E, EcoRI; H, Hindlll; X, Xbal; B, BamHI; N, Ncol.

FIG. 4. DNase I hypersensitive site analysis. Lanes 1 and 7: DNA from rat kidney and 
liver (respectively) isolated without an intermediate nuclear purification step so as to 
minimize degradation. Lanes 2-6: DNA from kidney nuclei subjected to DNase I at 
concentrations of 0, 1, 2, 5, and 10 fxg/ml. Lanes 8-12: DNA from liver nuclei sub
jected to 0, 1, 2, 5, and 10 |xg/ml of DNase I. All DNAs were digested with Hindlll. 
The probe is from intron 1, a nonrepetitive, PCR-generated 300 bp fragment (see the 
Materials and Methods section). The original 3 kb Hindlll-Hindlll band (top arrow) is 
reduced to 1.7 kb (lower arrow) in approximately 10% of the sample and only in sam
ples derived from kidney nuclei. Lane M is a marker lane, with a “ 1 kb ladder” con
taining 1 kb marker DNAs and a Hinf I digest of pBR322 (Gibco, BRL).
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region spanned approximately 350 bp in all three 
species and contained distinctive promoter hallmarks: 
a TATA box and an inverted CCAAT box (under
lined).

RNA Mapping to Locate the Transcription Start 
Sites

Primer extension analysis was performed on bo
vine outer medullary RNA. Two oligo probes, BTHP4 
and BTHP7, randomly chosen from exon 2 pro
duced primer-extension products at 16 nucleotides 
upstream from nucleotide position 1 of the cDNA 
containing plasmid pBTHPl (Fig. 6A). An RNase 
protection assay using a 220 bp fragment (Ssp I-Pst 
I), which contained the first exon, gave a protected 
nucleotide size at a range of 32-33 confirming the 
first exon size of 31 nucleotides as shown by the 
primer extension assay (Fig. 7A). When primer ex
tension analysis was performed on rat kidney RNA 
using two different antisense primers RTHPRE36 
and RTH5, separated by 57 bases, major extension 
products of 102 and 159 nt were detected (Fig. 6B). 
RNase protection analysis using a 385 bp antisense 
riboprobe spanning the conserved region (from nt 
229 to 614, Fig. 5) gave a protected fragment of 30 
bp (Fig. 7B). Liver RNA was negative by both 
methods. The results of the mapping studies in both 
species were in close agreement and identified a cap 
site 32 bp and 34 bp downstream of the TATA 
boxes underlined in Fig. 5.

In Vitro Transcription
To date, and despite extensive searching, we 

have not found a cell line expressing THP message. 
To begin to study cell type specific regulation of 
THP, we elected to attempt in vitro transcription 
from a kidney extract, initially derived from whole 
rat kidneys. Similar extracts from other organs (e.g., 
liver) have proven to be valuable reagents for study
ing determinants of tissue-specific transcription in 
vitro. Our kidney extracts retain the capacity to uti
lize the in vivo cap site and are sensitive to low 
concentrations of a-amanitin (2.5 |JLg/ml). We found 
that the production of transcriptionally competent 
nuclear extracts from kidney required protease inhib
itors in addition to those described by Schliber (Gor- 
ski et al., 1988), and the phosphatase inhibitor 
sodium molybdate (see the Materials and Methods 
section).

A rat THP promoter fragment from — 1600 bp to 
- 3  bp (relative to the assigned start site in the ro
dent gene, Fig. 5) was fused just upstream of the 
G-less cassette in pC2AT (a kind gift of Dr. R. 
Roeder) to give pTHP380. Rat kidney nuclear ex

tracts faithfully initiated transcription from the in 
vivo cap site (3 bp into the cassette) to produce the 
expected 380 bp transcript that is truncated by the 
chain-terminating guanosine nucleotide analog 3 '-0- 
methyl GTP (lane 1, Fig. 8) In addition, the inclu
sion of a-amanitin at 2.5 |Jig/ml resulted in complete 
poisoning of transcription as is seen with other RNA 
Pol II promoters (lane 2, Fig. 8). A construct that 
has the orientation of the promoter fragment of 
pTHP380 reversed also gave no signal (data not 
shown). The results of this functional assay provide 
further proof that the 350 bp conserved region is the 
promoter for the THP gene.

DISCUSSION

One approach to the study of renal development 
is to define a hierarchical set of renal transcription 
factors that participate in a temporal and spatial cas
cade of transcriptional activation of kidney-specific 
genes, ultimately leading to the differentiated state. 
A tissue-specific marker gene can serve as a neces
sary springboard in such an approach. For example, 
much insight into the problem of hepatogenesis has 
been gained by studying the mechanisms that under
lie liver-specific activation of the albumin gene (de 
Simone and Cortese, 1988).

As a first step towards elucidation of the mecha
nisms of transcriptional regulation of a kidney-spe
cific gene, we have cloned and characterized the 
bovine and rat THP genes. Bovine and rat cDNA- 
clones were obtained by screening kidney cDNA li
braries with a human THP cDNA fragment. Genomic 
clones were then isolated by using the cDNAs as 
probes. The location of exons on the genomic map 
along with a detailed analysis of the exon/intron 
junctions was a necessary first step in delineating 
the boundaries of the THP transcription unit. The 
promoter was identified through a combination of 
strategies that included DNase I hypersensitive site 
analysis, interspecies sequence comparison, and RNA 
mapping studies. That the promoter fragment identi
fied by these means directs RNA Pol Il-mediated 
transcription in vitro further authenticates its central 
role in the transcription unit of the THP gene.

A cell line that expresses the THP mRNA at the 
normally high in vivo levels does not exist. There
fore, we have chosen to work with the bovine and 
rat genes to characterize gene regulatory elements by 
species comparisons, using transgenic mice and by 
biochemical approaches. The latter strategy requires 
large quantities of kidney nuclei that are readily 
available from animals. The cow kidney offers the 
additional advantage of further dissection of the
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FACING PAGE
FIG. 5. Sequence alignment of promoters from three species: rat, cow, and human. The start sites are circled. TATA and inverted 
CCAAT boxes have been underlined, as have conserved regions at nucleotides 258-300, 359-400, and 468-487.

outer medulla to enrich for tissue-containing THP 
message at high amounts, and we have recently also 
successfully produced in vitro transcription compe
tent extracts from this source (data not shown). The 
kidney nuclei served a twofold purpose. First, the 
nuclei are a source of the THP gene in its natural 
chromatin context; this allowed us to identify a kid
ney-specific DNase I hypersensitive site and to thereby 
locate the promoter. Second, the nuclei are a source 
of nuclear protein that could be used to carry out 
DNA binding studies (data not shown) and in vitro 
transcription.

The identification of the cap site proved compli
cated. The rat cDNA clone rTHP-1 ends to 16 bp 
upstream of the initiator methionine codon. Primer 
extension with two gene-specific primers indicated 
that the rat cap site was 68 bp upstream of the initi
ator codon. The rat extension product was not likely 
to be contiguous with the genomic sequence due to 
two reasons: (1) RNase protection analysis using an 
antisense riboprobe in this region gave a protected 
fragment that had its 5' end only 39 bp upstream of 
the initiator codon (data not shown); this region has 
a consensus splice acceptor sequence; (2) the se
quences upstream of the putative cap site—were the 
primer extension product to be contiguous with the 
genomic sequence—might have contained easily iden
tifiable promoter elements. Because this was not the 
case, it seemed likely that a small exon having a 
maximum length of 30 bp existed somewhere up
stream in the gene.

Pennica et al. (1987) isolated two classes of hu
man THP cDNAs. The first class has a 25 bp exon 
that they refer to as exon “ a” at the 5' end. The 
second class has as its 5' end the region just up
stream of and contiguous with the second exon of 
the first class of cDNA. They refer to this as exon 
“ b” and propose an alternative splicing event that 
gives rise to the two classes. We performed primer 
extension analysis using a human exon 2-specific 
primer on human RNA and found two extension 
products that agree with the boundaries of the cDNA 
ends of Pennica et al. (data not shown). However, 
both the rat and bovine THP mRNAs are associated 
with only one 5' end. We think that this species- 
specific variation arises because a fraction of the 
human THP RNAs retain a region as the 5' end (due 
to an abnormal splicing event) that in the other two 
species is an intron. We favor this explanation over 
the possibility that the human gene is associated

with an additional promoter located upstream of 
exon “ b” because there are no well-conserved pro
moter elements there and because that region does 
not serve as a promoter in vitro (data not shown).

For these reasons, it seemed likely that the ex
pected 30 bp first exon in the rat gene would be the 
homologue of the human exon “ a .” If this were in
deed the case, we expected extensive interspecies 
homology in the putative promoter regions upstream 
of these first exons. However, it proved difficult to 
locate the homologue of exon “ a” on the rat gene 
by hybridization, due to the small size of the oligo
mer and its strong hairpin structure. Instead, the 
clue to the location of the rat homologue of exon 
“ a” came from the mapping of a kidney-specific 
DNase I hypersensitive site, located approximately 
700 bp upstream of the splice acceptor site of the 
rat exon 2. Importantly, DNA sequencing of a 350 
bp region covering the hypersensitive site revealed 
an 80% homology with the genomic sequence up
stream of human exon “ a .” The bovine gene con
tains the same conserved 350 bp region, and the 
homology between the bovine and the rat region is 
72% (see Fig. 5).

RNase protection analysis identified a 5' end in 
the rat gene that agreed precisely with the primer 
extension result and that accounted for the 30 addi
tional bases (see Fig. 7). The bovine primer exten
sion and RNase protection results further agreed 
with the rat RNA mapping.

The promoter region is associated with a TATA 
element at -  34 and an inverted CCAAT element at 
— 65. In addition, three highly conserved elements 
were seen at rodent nucleotides 258-300, 359-400, 
and 468-487 (underlined in Fig. 5).

We wished to see whether the THP promoter 
would function in an in vitro transcription system 
because the absence of a cell line prevented us from 
transient assay testing. A G-less cassette reporter 
(pTHP 380) gave an accurate size transcript of 380 
bp. Furthermore, the inclusion of a-amanitin at 2.5 
fxg/ml completely abolished transcription, as would 
be expected of a Pol II promoter. These results show 
that the conserved region can serve faithfully as a 
Pol II promoter in an in vitro system. Future exper
iments will examine the role of the individual con
served elements through the use of this in vitro 
system. Ultimately, reporter constructs in transgenic 
mice will reveal the precise elements required for 
high-level, kidney-specific expression of the THP
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FACING PAGE
FIG. 6. (A) Primer extension of bovine kidney outer medullar RNA (20 |xg) (lane 1) and tRNA (lane 2) with primers, bTHP4 and 
bTHP7 (not shown), randomly chosen from exon 2. The major extension product identified is 16 nucleotides upstream from the 5' end of 
bTHPl. A sequencing ladder was produced with bTHPl and the same oligo primers. (B) Primer extension analysis of rat kidney mRNA 
(2 |xg) with primers RTHPRE36 (lane 1) and RTH5 (lane 2). Lanes 3 and 4 are extensions using rat liver mRNA (2 p,g) and primers 
RTHPRE36 and RTH5, respectively. The major extension products (102 nt in lane 1 and 159 nt in lane 2) are marked by arrows. A 
sequencing ladder was run next to the reactions for sizing purposes.

message. With the cloning of THP genomic frag
ments containing all the exons as well as the pro
moter and considerable 5' flanking sequence, we 
anticipate performing these experiments in the fu
ture. Finally, because virtually nothing is known 
about kidney-specific gene expression and nephron 
segment-specific expression, the studies reported here

initiate a data base on this topic with implications 
to understanding kidney growth and differentiation.
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FIG. 7. (A) RNase protection assay for the bovine THP. Lane 1: 
bovine outer medulla RNA. Lane 2: tRNA. EcoRI-Pst I 800 bp 
genomic fragment that contains the first exon was subcloned into 
pBluescript II. The plasmid was digested with Ssp I, and the 220 
bp antisense fragment was transcribed and used for hybridization. 
The arrow indicates a DNA nucleotide size range of 32-33, con
sistent with the first exon size of 31 nt, as shown by the primer 
extension assay. Bars indicate nucleotide sizes of 711, 489, 404, 
364, 242, 190, 147, 118, 110, 67, 57, 34, 26, from the top. (B) 
Rnase protection analysis of rat samples using an antisense ribo- 
probe from - 3 5 0  to +35. Lane 1: liver total RNA (10 (xg). Lane 
2: kidney total RNA (10 p,g). Lane 3: 10 pig tRNA. The top 
arrow in the marker lane points to 34 nt; the bottom arrow to 26 
nt. The major transcript end (arrow in lane 2) is at 30 nt.
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M  1 2  FIG. 8. In vitro transcription using kidney nuclear extracts. A
total of 1 |xg of template and 60 |xg of nuclear protein were used 
for both reactions. Lane 1: pTHP380. Lane 2: pTHP380 with 2.5 
|jLg/ml a-amanitin.


